The Vpr protein, encoded by the human immunodeficiency virus type 1 (HIV-1) genome, is one of the nonstructural proteins packaged in large amounts into viral particles. We have previously reported that Vpr associates with the DNA repair enzyme uracil DNA glycosylase (UDG). In this study, we extended these observations by investigating whether UDG is incorporated into virions and whether this incorporation requires the presence of Vpr. Our results, with highly purified viruses, show that UDG is efficiently incorporated either into wild-type virions or into Vpr-deficient HIV-1 virions, indicating that Vpr is not involved in UDG packaging. Using an in vitro protein-protein binding assay, we reveal a direct interaction between the precursor form of UDG and the viral integrase (IN) . Finally, we demonstrate that IN-defective viruses fail to incorporate UDG, indicating that IN is required for packaging of UDG into virions.
In addition to the structural gag, pol, and env genes, the human immunodeficiency virus type 1 (HIV-1) genome contains several other open reading frames. Among them, the vpr gene encodes a small protein (14 kDa) specifically packaged within virions through interaction with the Gag C-terminal domain (18, 19, 21, 27) . The presence of Vpr in viral particles suggests that it might play a role in the viral life cycle very early in infection. Vpr has been shown to be important for infection of nondividing or slowly dividing cells by facilitating nuclear import of the viral preintegration complex (PIC) in these cells (7, 16, 29) . A second function of Vpr is its ability to induce cell cycle arrest, leading Vpr-expressing cells to accumulate in the G 2 stage of the cell cycle (17, 22, 30) . Other reports have revealed additional functions for Vpr in the stimulation of transcription of the viral long terminal repeat (1, 8, 38) or in the regulation of apoptosis (2, 9, 34) .
We have previously reported, in a study using the yeast two-hybrid system, that Vpr binds to the DNA repair enzyme uracil DNA glycosylase (UDG) (4) . UDG is an enzyme in the base excision repair pathway required for removal of uracil from DNA (for a review, see reference 31). Another distinct class of proteins, the dUTPases, is also implicated in preventing dUMP incorporation into DNA during DNA synthesis. Both UDG and dUTPase are encoded by some DNA viruses, such as poxviruses and herpesviruses. Genomes of retroviruses encode only dUTPase (11) . Lentiviruses from nonprimate species contain in their genome a dUTPase-encoding sequence. Lentiviruses from primate species do not contain in their genome either a dUTPase or UDG encoding sequences. Although dUTPase and UDG activities are mechanistically distinct, both enzymes act to prevent misincorporation of uracil into DNA. In the absence of regulation of uracil misincorporation into genomic DNA, it is expected that DNA will accumulate G-to-A substitutions. Interestingly, dUTPase mutants of the caprine arthritis-encephalitis lentivirus accumulate a high proportion of G-to-A substitutions in their genomes (36) . There exists therefore the possibility that Vpr-associated UDG of primate lentiviruses and dUTPase of nonprimate lentiviruses have similar roles in virus replication. dUTPase is encoded by the pol gene and is a virion-associated protein. We hypothesize that UDG, like dUTPase, is present in viral particles. It is therefore of interest to address whether UDG is incorporated into viral particles and whether the requirement for Vpr is related to such a localization.
Packaging of UDG into viral particles is independent of the presence of Vpr. To investigate the incorporation of UDG into virions and to test whether Vpr is required in this process, we used wild-type NDK and Vpr mutant NDK virions derived from the productively infected H9 T-cell line. Vpr mutant NDK virions contain a stop codon which prematurely terminates the wild-type Vpr protein and removes the last 31 amino acids. Deletions of the C-terminal part of Vpr have been reported to affect the stability and conceivably the protein conformation necessary for virion targeting (37) . Virions were pelleted from cell-free supernatant, resuspended in a buffer containing 1 mM CaCl 2 and 20 mM Tris-HCl (pH 8.0), and incubated for 18 h at 37°C with 1 mg of subtilisin (Boehringer Mannheim) per ml. This procedure allows the elimination of microvesicles which copurify with HIV-1 virions by sucrose density gradient centrifugation and which are potentially a source of contaminating cellular proteins found in purified virion preparations (3, 15) .
We performed a Western blot analysis using anti-Vpr antibody (kindly provided by N. Landau) on viral lysates before their purification on a sucrose density gradient and confirmed previous data (37) reporting that no detectable Vpr protein was present in viral particles released from cells infected with Vpr-defective viruses (Fig. 1a) . Similar amounts of Vpr ϩ and Vpr Ϫ viruses from each stock were resolved on a linear 20 to 60% sucrose density gradient, and aliquots of each fraction were collected and analyzed for reverse transcriptase activity. Virions were harvested from individual gradient fractions, and the content of p24 and UDG was underscored by Western blotting with monoclonal anti-p24ϩp18 antibody (kindly provided by Q. Sattentau) and rabbit polyclonal anti-UDG anti-body (a gift of G. Slupphaug). Bound antibodies were visualized with ECL blotting detection reagents (Amersham). Approximately equivalent amounts of viral Gag proteins were recovered in each gradient (Fig. 1b) . For wild-type virus, the presence of UDG was evident in the gradient fraction coinciding with peak of reverse transcriptase activity (Fig. 1b, left  panel) . Unexpectedly, we observed that gradient fractions from Vpr mutant virions also contain UDG (Fig. 1b, right  panel) . UDG was also detected in both wild-type and Vpr mutant virions, in two independent experiments, when wildtype AD8 and Vpr mutant AD8 virions derived from productively infected primary macrophages (29) were analyzed (data not shown). These results suggest that UDG is indeed a virionassociated protein and that the incorporation of UDG into viral particles may not depend on the presence of packaged Vpr.
In addition, our Western blotting analysis indicated that the size of the virion-packaged UDG has an apparent molecular mass of 36 to 38 kDa. It has been reported that cellular UDG could be found in two distinct subcellular compartments, either cytoplasmic or nuclear (32) . The cytoplasmic and nuclear forms of UDG differ in their apparent molecular masses. The cytoplasmic form of UDG (38 kDa) contains a presequence of 77 amino acids which is removed to give rise to the mature form of UDG (28 kDa), which is then targeted to the nucleus. Our results indicating that the virion-packaged UDG has a size similar to that found for the precursor form of UDG are consistent with the notion that it is the cytoplasmic form of UDG, and not the nuclear form, which is incorporated into viral particles.
The Pr55 Gag protein is not required in UDG packaging. Our above results indicating that UDG is packaged within virions through a Vpr-independent mechanism led us to investigate which viral protein is required to incorporate UDG into viral particles. It has been well documented that reverse transcription occurs, after viral entry and uncoating, in the context of a PIC that includes Vpr in addition to the integrase (IN) and matrix (MA) proteins (7, 12, 16) . We thus hypothesized that viral proteins present within the PIC could be a target for UDG. We first investigated whether Pr55
Gag could be a target for UDG. The gag gene and the vpr gene were amplified by PCR from the pNL43 molecular clone and then cloned under the control of the T7 polymerase promoter into the Pos7 vector (kindly provided by B. Moss) (39) . HeLa cells previously infected for 30 min with 1 PFU of recombinant vaccinia virus (T7-MVA, Ankara strain; a kind gift of G. Sutter) (35) per cell to express T7 polymerase were transfected with Pos7-Gag and Pos7-Vpr plasmids. Cell-free supernatant containing virus-like particles (21) was harvested 24 h after transfection, concentrated by centrifugation, and analyzed on a linear 20 to 60% sucrose density gradient. Individual gradient fractions were then ultracentrifuged and analyzed by Western blotting with anti-p24, anti-Vpr, and anti-UDG antibody (Fig. 2) . As a control, Pr55
Gag and Vpr overexpressed in cell lysate are shown, as well as endogenous expression of UDG. As expected (21) , expression of Pos7-Gag together with Pos7-Vpr resulted in cosedimentation of both Pr55
Gag and Vpr. We failed to detect the presence of incorporated UDG in gradient fractions containing both Pr55
Gag and Vpr, however. The possibility that the failure to detect packaged UDG into virus-like particles was due to low UDG content seems unlikely since UDG was detected in gradient fractions containing virions (Fig. 1b) . These results indicate that the gag gene products are probably not important for the incorporation of UDG within virions and confirm that Vpr is not required in this event.
UDG binds to IN in an in vitro protein-protein binding assay. We next investigated whether IN could be a viral partner for UDG. We carried out binding studies between IN and UDG recombinant proteins in vitro. The IN open reading frame was amplified by PCR from the pNL43 molecular clone and then cloned either under the control of the T7 polymerase promoter into the Pos7 vector or in frame with the glutathione S-transferase (GST) sequence. The cDNA encoding the complete UDG protein (residues 1 to 304) was amplified with appropriate primers by PCR from clone p15 (25) , kindly provided by G. Slupphaug, and cloned in frame with the GST sequence or cloned into the Pos7 vector. GST, GST-Vpr, and GST-UDG (52-304) fusion proteins were prepared as previously described (4). To overexpress IN or UDG, recombinant vaccinia virus-infected HeLa cells were transfected with
FIG. 2. Packaging of UDG into viral particles is independent of the presence of Pr55
Gag and Vpr. HeLa cells were cotransfected with expression plasmids encoding Pr55
Gag and Vpr. Cell-free supernatant containing virus-like particles was subjected to a linear sucrose density gradient, and individual gradient fractions were collected and analyzed by Western blotting for the presence of Pr55
Gag and Vpr, as well as for the presence of packaged UDG. As a control, HeLa cell extracts were analyzed by Western blotting for the presence of Pr55
Gag , Vpr, and endogenous UDG.
Pos7-IN or Pos7-UDG plasmids. Cells overexpressing IN or UDG were harvested 20 h after transfection and lysed as previously described (6) . Cell lysate overexpressing IN was incubated in Tris-buffered saline-Tween 20 binding buffer with each of the GST fusion proteins immobilized on glutathione (GSH)-agarose beads. After extensive washes, bound proteins were eluted and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting analysis with rabbit anti-IN antibody (a gift from D. Trono). As seen in Fig. 3a , IN bound to GST-UDG (1-304) but not to GST-UDG (52-304), indicating that the presence of the UDG presequence is required for the interaction. In contrast, IN failed to associate with GST alone or with GST-Vpr. Cell lysate overexpressing UDG was incubated with equivalent amounts of GST, GST-IN, or GST-Vpr, and bound proteins were revealed by Western blotting with an anti-UDG antibody (Fig. 3b) 293 cells were transfected with either wild-type, Vpr-defective, IN-defective, or IN-Vpr double-defective plasmids. Viruses from cell-free supernatant were treated with subtilisin and purified onto a linear sucrose density gradient, as described above. Gradient fractions were pooled, and equivalent amounts of viruses (15 ϫ 10 6 cpm of reverse transcriptase activity) were analyzed by Western blotting with anti-p24ϩp18 antibody or anti-UDG antibody. Bound antibodies were visualized with ECL plus reagents (Amersham). Similar amounts of Gag products were observed in each virus preparation (Fig.  4a) , indicating that similar amounts of viruses were analyzed. We failed to detect the presence of IN within IN-defective or IN-Vpr double-defective viruses, while IN was detectable within wild-type and Vpr-defective viruses (data not shown). As expected, the incorporation of UDG into viral particles was observed when wild-type as well as Vpr-defective viruses were analyzed. Interestingly, viruses defective for the presence of IN but still expressing Vpr in viral particles did not incorporate detectable amounts of UDG. A similar defect in UDG incorporation into virions was observed when viruses used in the experiments were defective in both IN and Vpr proteins. These results demonstrate that the absence of virion-associated UDG is directly related to the absence of the IN domain of the gag-pro-pol precursor. Our data are consistent with our above in vitro results indicating a direct interaction between the IN domain and UDG. Altogether, our data indicate that the IN domain is sufficient for packaging of UDG into virions and that Vpr is not involved in this process.
We next wondered whether the enzymatic UDG activity could be detected in purified virions. The enzymatic activity of UDG was monitored by means of a "nicking assay" described previously (24) . In this procedure, a synthetic 34-mer singlestranded oligonucleotide containing one uracil residue incorporated into the middle of the sequence is 5Ј end labeled with 32 P. The incubation of 5Ј-end-labeled 34-mer oligonucleotide with the UDG enzyme induces the excision of the uracil incorporated into the oligonucleotide followed, under standard conditions, by cleavage of the DNA strand, leading to the appearance of a 17-mer oligonucleotide. The labeled oligonucleotide fragments are separated by denaturing PAGE and visualized by autoradiography. The appearance of the 17-mer oligonucleotide followed by the concomitant disappearance of the 34-mer oligonucleotide is the hallmark of the presence of enzymatically active UDG and is proportional to the amount of incubated UDG. Virions treated with subtilisin and purified in a sucrose density gradient were resuspended in a buffer containing 100 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA and Triton X-100 (0.2%), incubated with the uracilcontaining substrate (50 fmol), and analyzed for the presence of enzymatically active UDG. As a control (Fig. 4b) , increased amounts (0.005 to 0.1 units) of commercially purified recombinant mature UDG (Perkin-Elmer) led to a progressive conversion from uncleaved to completely cleaved forms of the substrate. When virions (wild type, Vpr defective, IN defective, or Vpr-IN defective) corresponding to 3 ϫ 10 6 cpm of reverse transcriptase activity were incubated with the uracil-containing substrate, no UDG activity was detected, although the presence of UDG protein is detectable in wild-type and Vpr-defective virions. It is not surprising that the enzymatic activity of the virion-associated UDG, which corresponds to the precursor form of the enzyme, is difficult to detect, because it is noteworthy that the precursor form of UDG exhibits very weak enzymatic activity compared to that of the mature form (33) .
In this paper, we report that a cellular protein, namely, the DNA repair enzyme UDG, is specifically incorporated into viral particles. Other host cellular proteins have been reported to be incorporated within virions through interaction with a viral protein. This is the case for cyclophilin A, which is spe -FIG. 4 . The presence of IN within the viral particle is required to allow the incorporation of UDG into viral particles. (a) 293 cells were transfected with wild-type, Vpr-defective, IN-defective, or IN-Vpr double-defective molecular clones, and viruses produced in cell-free supernatant were treated with subtilisin and collected by ultracentrifugation. Virions were then resolved on a linear 20 to 60% sucrose density gradient, and gradient fractions coinciding with the peak of reverse transcriptase activity were pooled and normalized for reverse transcriptase activity. Virus pellets were then solubilized in sample buffer, and viral lysates were analyzed by Western blotting for the presence of Gag and UDG products. M, molecular mass markers (in kilodaltons). (b) Evaluation of the enzymatic activity of UDG within virions by using a nicking assay. A 32 P-labeled single-stranded 34-mer oligonucleotide containing one uracil in the middle of its sequence was incubated with either recombinant purified UDG (0.005 to 0.1 units) or purified virions (3 ϫ 10 6 cpm of reverse transcriptase activity). Upon incubation, DNAs were recovered and separated by electrophoresis on denaturing polyacrylamide gels.
cifically incorporated into HIV-1 particles through association with Gag (13) . Ubiquitin has also been reported to be present inside HIV-1 virions via an association with the p6 domain of Gag (26) . We also show that intravirion UDG packaging requires a specific interaction with the viral IN protein. Using in vitro studies, we found that the N-terminal domain of UDG (residues 1 to 52) is important for the interaction with IN. Consistent with this, we also demonstrated in an in vivo approach with the yeast double-hybrid system that the N-terminal domain of UDG is required to allow its binding to IN (data not shown). This domain, which corresponds to the presequence of UDG, has been suggested to constitute a separate structural domain (23) . Studies to delineate the domain (or domains) of IN which interacts with UDG are in progress. UDG incorporation does not appear to be cell type specific, since we found it in HIV-1 virions produced both from lymphoid T cells and from differentiated macrophages.
We initially reported that UDG has the ability to bind Vpr (4). In this previous study, we failed to detect UDG associated with wild-type virions. We now find that UDG is indeed incorporated into viral particles. It is likely that this discrepancy is due to the amounts of virions used for Western blotting analysis. Although Vpr is incorporated into viral particles, the question arises as to why the intravirion packaging of UDG is not related to the presence of Vpr in virions but to the presence of IN. It has been reported that Vpr is incorporated in virions through interactions with the NC domain of Pr55 Gag (10) . It is possible that during assembly and budding, the interaction between Vpr and NCp7 impairs the binding of UDG to Vpr via steric hindrance. Experiments to test whether UDG, Vpr, and NCp7 can associate as a trimeric complex would resolve this issue. The other explanation invokes the idea that UDG could bind alternatively Vpr or IN depending on its maturation status. Indeed, UDG is recovered in cells in two forms, either exclusively as a cytoplasmic precursor form or as a mature form (32) . Consistent with this, our in vivo and in vitro data indicate that IN has the ability to bind the cytoplasmic precursor form of UDG (this study), while Vpr has the ability to bind preferentially the mature form of UDG, as we previously reported with coimmunoprecipitation experiments (4). It is noteworthy that residues 1 to 52 of UDG are important for binding of IN (this study), while residues 222 to 225 have been reported to be important for binding of Vpr (5) . We speculate that the pre-mature form of UDG is cleaved after entry in new cells, and then the mature form may interact with Vpr.
The fact that HIV-1 viruses have evolved by elaborating two viral proteins, IN and Vpr, which both have the ability to bind UDG argues for the importance of these interactions during the viral life cycle. What then are the respective roles, during the viral life cycle, of the Vpr-UDG and IN-UDG interactions? We have previously proposed that the Vpr-UDG interaction might play a role similar to that played by the dUTPases of nonprimate lentiviruses, i.e., the reduction of uracil misincorporation into newly synthesized viral DNA in order to avoid G-to-A substitutions (4) . In this regard, the fact that UDG is a virion-packaged protein, through interaction with IN, might be important to ensure the presence of the protein at the site of nascent viral DNA synthesis.
It is well documented that Vpr and IN, in addition to MA, belong to the viral PIC and participate in the nuclear import of viral DNA (7, 14, 16, 28) . Although the presence of these viral proteins in the PIC has been demonstrated, whether some of their cellular partners are present remains to be explored. It has been reported that the precursor form of UDG, upon removal of its presequence, is targeted from cytoplasm to nucleus (32) . Therefore, one possibility is that the Vpr-UDG and/or IN-UDG interactions participate in the nuclear import of the viral PIC. It would thus be interesting to determine whether UDG can be found, through its association with Vpr and/or IN, to be an integral part of the PIC. In conclusion, future analyses of the role played by interactions between viral and cellular proteins should continue to provide important insights into the biology of HIV-1.
